Previous studies have indicated that visual working memory performance increases with age in childhood, but it is not clear why. One main hypothesis has been that younger children are less efficient in their attention; specifically, they are less able to exclude irrelevant items from working memory to make room for relevant items. We examined this hypothesis by measuring visual working memory capacity under a continuum of five attention conditions. A recognition advantage was found for items to be attended as opposed to ignored. The size of this attention-related effect was adult-like in young children with small arrays, suggesting that their attention processes are efficient even though their working memory capacity is smaller than that of older children and adults. With a larger working memory load, this efficiency in young children was compromised. The efficiency of attention cannot be the sole explanation for the capacity difference.
Introduction
Working memory is the set of several active memory representations concurrently guiding behaviour. It is now well known that the capacity of working memory, broadly defined, increases with age in childhood. It is not yet clear, though, which aspects of working memory account for this increasing capacity (for reviews, see Cowan & Alloway, 2009; Reznick, 2009) . Perhaps the most fundamental distinction that can be drawn is between the storage function of working memory and the processes that affect how working memory is used. Working memory capacity has traditionally been considered as the result of storage and processing together (Baddeley & Hitch, 1974; Daneman & Carpenter, 1980) . A performance difference could result from developmental change in processing. For example, in the recall of verbal lists, many researchers have pointed to the increase with age in the speed and proficiency of covert verbal rehearsal as an important factor in working memory development (e.g. Flavell, Beach & Chinsky, 1966; Henry, 1991; Hulme & Tordoff, 1989; Kail & Ferrer, 2007; Ornstein & Naus, 1978) . Aside from this instance, however, there is a great deal of uncertainty regarding the basis of working memory development and whether it stems from storage and ⁄ or processing changes.
Research on visual working memory and attention
Recent research on working memory has made extensive use of a procedure that minimizes the role of verbal processes and tests memory for a set of visual items (i.e., objects) (Luck & Vogel, 1997) . On the basis of this type of procedure, some researchers have argued that individual differences in capacity depend on the ability to filter out irrelevant items so as to fill working memory with relevant items (e.g. McNab & Klingberg 2008; Vogel, McCollough & Machizawa, 2005) , a view that is popular in the field (e.g. Kane, Bleckley, Conway & Engle, 2001 ). On each trial of the Luck and Vogel procedure, an array of objects is presented, and, after a short retention interval, a probe appears to test memory for this array. It has been shown that this kind of memory representation is not maintained verbally even in adults, inasmuch as the suppression of verbal rehearsal has little effect on performance (Morey & Cowan, 2004) . In the version of the task that we use in the present article, the probe consists of a single object that is identical to the array object that was in the same location or differs from it in colour. The task is basically to indicate whether the probe differs in colour from its counterpart in the array, although we elicit further details from our participants. Adults typically can carry out this working memory task well if there are no more than four objects (with declining performance as the array set size increases), but children in the early elementary school years recall substantially fewer objects than adults (Cowan et al., 2005; Cowan, Naveh-Benjamin, Kilb & Saults, 2006; Riggs, McTaggart, Simpson & Freeman, 2006) . It is not known why this developmental difference occurs.
The utility of the Luck and Vogel (1997) procedure is that it involves a simple task that has been well researched in adults. Two studies have shown a close convergence between behavioural measures of working memory load in this type of task and activity in specific areas within the posterior parietal cortex (Todd & Marois, 2004; Xu & Chun, 2006) . Considerable research has been conducted to determine whether individuals differ in the number of objects that can be kept in working memory at once, or in the ability to limit the access of irrelevant, potentially distracting objects to working memory. Such objects could displace some of the relevant objects in working memory. The results of these adult studies, however, have been mixed. This research on the reason for the capacity limit has been based on arrays with more than one type of object. For example, Vogel et al. (2005) required that participants attend to the orientations of bars presented in one colour, but not another. The dependent measure was an event-related potential index of working memory load. It showed that low-span individuals' brains included the irrelevant items in the working memory load; 2 relevant plus 2 irrelevant objects caused as much load as 4 relevant objects. In contrast, high-span individuals' brains responded as if the irrelevant objects did not count towards the working memory load. A similar result was obtained by McNab and Klingberg (2008) using a brain imaging technique. These studies have suggested that the ability to select relevant objects and filter out irrelevant ones is the primary basis of individual differences in working memory, in keeping with some investigations that have used very different procedures (e.g. Kane et al., 2001) .
In contrast to these findings, though, other work with the Luck and Vogel (1997) type of procedure suggests that individual differences can arise from differences in storage capacity rather than from differences in filtering out irrelevant items. Todd and Marois (2005) found individual differences in brain responses for arrays that did not include any distracters. Cowan, Fristoe et al. (2006) found individual differences both in the Luck and Vogel (1997) type of task and in a task that required filtering out a stimulus sequence in one modality while focusing attention on a stimulus sequence in another modality. Both tasks predicted intelligence in adults, but both of them picked up considerable unique variance in intelligence, indicating that storage capacity is an important component of individual differences in cognition.
Rationale for the present developmental study
Another study leading to a similar conclusion (Gold et al., 2006) was the closest precursor to the present study. Gold et al. compared behavioural responses in adults diagnosed with schizophrenia with those of normal control participants using a task in which the arrays included two types of objects (e.g. circles and bars). The probe on a particular trial was an array duplicating only one type of object (e.g. circles). On most trials (e.g. in one experiment, 75%), the probe was a type of object that the participant had been led to expect. However, on a minority of trials (e.g. in one experiment, 25%), the probe was the other type of object. It was therefore possible to test both filtering capability and the storage function of working memory. First, the measure of filtering capability was the estimate of items retained from the expected (usually-tested) set minus those retained from the unexpected (not-usually-tested) set. For example, if a participant successfully attended to circles and ignored bars, then many more circles than bars should be retained in working memory and performance should be a lot higher when the probe was the set of circles than when it was the set of bars. Second, the measure of storage was the sum of the estimates of the number of items retained in working memory on usually-tested and not-usually-tested probe trials (e.g. circles plus bars). This indicates how many items are in working memory, regardless of how many of the available slots were taken up with the expected versus the unexpected shape. Figure 1 illustrates three possible outcomes of this type of experiment, with any two participant groups. (The outcomes are based on a measure of the number of items in working memory that will be explained shortly.) In Figure 1 (a), the outcome is what would be expected if the groups differed only in the ability to select relevant items. The working memory advantage for the usuallytested items over the not-usually-tested items is greater in Group 2 than in Group 1, indicating that filtering ability is better in Group 2. The groups have the same overall amount in working memory (summing across the two conditions), but Group 2 allocates more of that capacity to the more relevant items. In Figure 1 (b), the outcome is what would be expected if the groups differed only in working memory capacity. The advantage of usuallytested over not-usually-tested items does not differ between the groups, but Group 2 recalls more items overall. Finally, in Figure 1 (c), the outcome is what would be expected if both factors contribute to the results. Group 2 recalls more items overall (producing a level difference), but also differentiates between usuallytested and not-usually-tested items better than Group 1 (producing a slope difference). The surprising finding of Gold et al. (2006) was that individuals with schizophrenia filtered out not-usually-tested items about as well as the control group, but simply included Capacity and attention allocation 121 fewer items in working memory, conforming to the pattern shown in Figure 1(b) .
We adapted this method in several ways to examine the basis of the developmental increase in performance on the Luck and Vogel (1997) type of task. Our procedure is illustrated in Figure 2 . We included two shapes, circles and triangles, in some arrays, with a different colour for each object in the array. The subsequent probe was a single object (as in, for example, Wheeler & Treisman, 2002) . This probe either was identical to the item at the same location in the array or it was different in colour (in one of three ways, as shown in the figure) . The probe never differed in shape from the array object in the same location. To make the task interesting for children, the cover story was that the coloured shapes represented 'children' in a classroom, and the task was to indicate with a mouse click where the probe child belonged: in the 'seat' in which the probe was shown if the probe was identical to the array item in that location, in a different seat in the 'classroom' if there was such a location containing an item identical to the probe, or, otherwise, out the 'door'. In the primary scoring method, both other-seat and out-the-door responses were coded as detection of a change. The results were used to estimate the number of array objects encoded into a participant's working memory, k, according to a commonly used formula (Cowan, 2001; Cowan et al., 2005) that takes into account guessing. The formula is derived from the assumption that if the array item corresponding to the probe is one of k items in working memory when the probe arrives, the participant will know if the probe changed colour or not; otherwise, the participant will guess.
To gain a detailed understanding of the role of attention in the task, we used a continuum of five attention conditions (presented in four types of trial block). The five conditions in order of diminishing attention to the object in the shape that was tested were 1-shape, 100%, 80%, 50% and 20%. These conditions came from different trial blocks, except that the 80% and 20% conditions came from the same trial block. Participants were instructed to pay attention to objects of one of the two shapes, except in the 50% condition, in which objects of both shapes were to be attended equally. The task was to remember the colour and location of each coloured shape that was to be attended. In 1-shape trial blocks, an array included all objects of the same shape so no filtering was needed. In 100%-0% trial blocks, half of the array objects on each trial were the attended shape and half were the other shape. However, the probe always corresponded to an object in the assigned, attended shape, so filtering was fully warranted. The 80%-20% trial blocks had the same mixture of shapes as in the 100%-0% trial blocks, but, on 20% of the trials, the probe was an object of the shape that was to be ignored according to the instructions. The task was to attend to the shape that was probed 80% of the time and ignore the shape that was probed only rarely, 20% of the time. Critically, the 80%-attended and 20%-unattended trials were scored separately. These instructions and presentation probabilities were meant to provoke a strategy of filtering out the less-relevant, 20%-probed shape most of the time (yet with attention potentially divided, unevenly, between the shapes). Last, in the 50%-50% trial blocks, attention was to be divided evenly between objects in the two shapes. Half of the trials had a circle probe and the other half had a triangle probe, and performance was collapsed across these trials. This condition should produce results intermediate Figure 1 Theoretical functions indicating the pattern of mean capacities to be expected for a less-advanced and a moreadvanced group of participants (Groups 1 and 2) when attention is divided unevenly among items of two different shapes in an array to be retained in working memory. (a) Expectation if the groups differ in the ability to filter out items of the not-usually-tested shape and fill working memory with usually-tested items. between the 80% and 20% conditions, as attention is shared evenly between shapes.
According to a theory in which the ability to control attention is what develops, it would be expected that the mean k across conditions will not differ between groups but that the effects of attention will be larger in more mature groups. In contrast, the expectation of a storage growth theory of working memory development would be that there will be a larger mean k value for more mature participants in every attention condition, but with essentially the same magnitude of attention effects at every age group. A hybrid theory also is possible, with both higher mean k values and larger attention effects in more mature participants.
Most of the conditions were run with arrays of either 2 circles and 2 triangles or 3 circles and 3 triangles, and the attention instructions for the trial block were intended to influence the relative allocation of attention to one shape versus the other. Pilot data suggested that our youngest group was at about the lowest age at which the task could be carried out, and that the two set sizes we used were, respectively, challenging for the younger participants (2 items per shape) and challenging even for the older participants (3 items per shape).
In the 1-shape condition, however, there were 2, 3, 4 or 6 items of one shape and none of the other shape. Including only relevant objects and including supracapacity set sizes is traditional in this line of research stemming from Luck and Vogel (1997) . We included the 1-shape condition with these array set sizes as a benchmark for comparison with prior child developmental studies of visual working memory capacity (Cowan et al., 2005; Cowan, Fristoe et al., 2006; Riggs et al., 2006) . Furthermore, the k estimate is sometimes found to decline from its peak with increasing set sizes, possibly because the encoding process becomes less efficient with too many items to be encoded at once. The array set sizes in the 1-shape condition allow a comparison across age groups in terms of how important this encoding problem is. It also is possible to use this condition to check the storage cost of dividing attention between two shapes. For example, if there is no cost of dividing attention between two shapes, the k value on 50% trials with 4 (or 6) objects in total, added across circles and triangles, should approximate the k value on 1-shape trials with 4 (or 6) objects. If there is a cost of dividing attention, the k value on 50% trials should be smaller than that.
Finally, the different types of changes that could occur between the array and the probe (as shown in Figure 2 ) were meant to examine in detail what information was included in the working memory representation of the array in each age group. It is possible to detect that a new colour has appeared in the array on the basis of a feature memory, but it requires the binding between the colour and location to detect that the probe appears in a colour that was present at a different location in the array. Previous work showed that, in comparison to adults, children in the early elementary school years have a deficit in this bound information relative to feature information (Cowan, Naveh-Benjamin et al., 2006) . There has been debate regarding whether binding in working memory requires attention beyond that required to place objects in working memory in the first place; Figure 2 Main events occurring in each experimental trial. (1) The fixation object reminded the participant where to look and what shape was to be attended. In trial blocks in which either shape could be tested equally often, a '+' appeared instead. (2) A brief array of objects appeared (4 or 6 objects in total; half circles and half triangles, except in 1-shape trial blocks). A blank retention interval followed. (3) The probe display, one of four types as shown, appeared until a mouse-click response was made. Directions and correct responses are shown in the figure.
Capacity and attention allocation 123 recent results suggest not (Allen, Baddeley & Hitch, 2006; Cowan, Naveh-Benjamin et al., 2006) . That being the case, it is of interest to see whether the ability to notice a change in the binding of colour to location is enhanced when the probe appears in a colour that was originally used for a colour of the non-attended shape.
Method
Participants N = 30 per age group, including children in Grades 1-2 (7-8 years old) and Grades 6-7 (12-13 years old), and college students.
Apparatus and stimuli
The computer monitor was located in a private, soundattenuated booth. Figure 2 shows the stimulus arrangement. The possible colours for circles and triangles were black, white, red, blue, yellow, green, orange, purple, brown and pink. Within each array, no colour was used for more than one object. Shapes were displayed inside an 8.19 cm (horizontal) · 6.72 cm (vertical) rectangle, comprising a 4 · 3 arrangement of 1.77-cm-wide squares. Each shape was sized to fit inside a 0.57-cm box. On the probe screen only, a 1.38 · 2.35 cm door appeared to the right of the grid.
Procedure
Our procedure (Figure 2 ) was engaging for children. The cover story was that the array objects (circles and triangles) represented children in a classroom (grid). The probe object was always presented in the same location as an array object of that same shape, but not necessarily in that same colour. The task was to use the mouse to click on the place where this probe object belonged: in the same place as it was shown, in a different place on the grid, or nowhere on the grid. In the latter case, the participant was to click on the door icon, sending the 'child' out of the room.
Each participant was assigned a shape (circle or triangle) to be attended throughout the session, although trial blocks differed in attention instructions.
On each trial, an unfilled shape was displayed on the computer screen for 1000 ms, reminding the participant what shape (circles or triangles) to attend throughout the trial block; or a '+' indicated that attention should be divided between the two shapes. This signal was replaced by an array of objects for 500 ms, then by a blank screen for 1500 ms, and then by a grid that included the probe object and door icon. These remained until the participant indicated by mouse click where the probe object belonged.
There were four blocks of trials that yielded five conditions that fit along a continuum in terms of the necessary amount of attention to the tested stimuli. As summarized in Table 1 (a), the five conditions were 1-shape, 100%, 80%, 50% and 20%. This last condition came from the same trial block as the 80% trials. Descriptions of the trial blocks are as follows.
(1) In 1-shape trial blocks, an array included 2, 3, 4 or 6 objects of the same shape. In half of the trials, the probe object was an item from the array in its correct location (no-change trials). In one-quarter of the trials, it was an item from elsewhere in the array (locationchange trials) and, in the remaining quarter, it was an item that had not appeared in the array (new-colour trials). (2) In 100%-0% trial blocks, half of the array objects on each trial were the attended shape and half were the other shape (2 of each or 3 of each). However, the probe was always in the assigned, attended shape. In half of the trials, the probe was an item from the array in its correct location (i.e. no-change trials). Probes in the remaining trials were evenly divided among three types: those identical to an item of that shape elsewhere in the array (i.e. location-change trials), those of a colour found in an object of the unattended shape but with the probe itself in the attended shape (other shape's colour trials, not found in the previous trial block), and those of a colour not found anywhere in the array (i.e. new-colour trials). In the latter two cases, the correct answer was the door icon. (3) The 80%-20% trial blocks had the same conditions as in the 100%-0% trial blocks except that, on 20% of the trials, the probe was in the shape that was to be ignored (as was the array item that had occupied that location). The probe types were otherwise the same for the 80% attended-shape and 20% ignored-shape trials. For each probed shape, no-change probes occurred on only 40% of the trials, to allow enough of each type of change trial even in the rare, 20% trials. (4) In the 50%-50% trial blocks, 50% of the trials had a probe in the location of a circle in the array and 50% had a probe in the location of a triangle. The numbers of change-and no-change trials were distributed as in the 100% condition. Attention was to be divided between the two shapes and performance was collapsed across shapes in the analyses.
The trial blocks were run in the order listed in (1)- (4) above, except that a second block of 1-shape trials occurred last. The numbers of trials in each trial block were set in a manner that allowed adequate trials of each type, including those that had to occur only rarely (in the 20% condition). 
Data analysis
For the analyses that included all five attention conditions, only trial types that existed for each condition were included. This excluded 1-shape trials with 4 or 6 objects, so that all included trials had 2 or 3 objects in the tested shape. It also excluded 'other shape's colour' trials in the other trial blocks; these, of course, could not occur in 1-shape blocks. The two change trial types that contributed to the analyses (location change and new colour) were equally weighted in the means. To examine capacity for detecting whether the object in the probed location had changed, same-location responses were labelled no-change judgments, whereas both the other-grid-location and door-icon responses were labelled new-probe judgments. In the derivation of capacity for the probed shape, k (Cowan et al., 2005) , we considered hits to equal the proportion of new probes correctly judged to be new (not in the array) and false alarms, the proportion of old probes incorrectly judged to be new. Assume that k objects of the probed shape are encoded into working memory and that, if the probed object is in working memory, the response will be correct. If the probed object is not in working memory, the participant presumably guesses 'new' with probability g. Thus, for a set of A objects of the shape matching the probe, hits = k ⁄ A+(1 -k ⁄ A)g and false alarms = (1 -k ⁄ A)g. Combining these functions, k = A(hits -false alarms).
Results
Baseline capacity: results for the 1-shape condition Figure 3 shows the performance of each age group across array set sizes in the 1-shape condition. This condition yielded an effect of age group, F(2, 87) = 27.40, p < .001, g p 2 = .39 and of array set size, F(3, 261) = 8.01, p < .001, g p 2 = .08, as well as an interaction of these two variables, F(6, 261) = 3.20, p < .01, g p 2 = .07. A clear, monotonic effect of age group can be seen. Furthermore, for each age group, the capacity estimates peaked at a certain array set size and then declined at higher set sizes. Although this decline suggests that there was some inefficiency in encoding of the stimuli when the set size greatly exceeded the capacity, this inefficiency in encoding was no more severe for the young children than for the older children or adults. In particular, it can be seen that the drop from the peak k is, if anything, smallest in the youngest group and largest in the oldest group. When only the older two groups were included in the analysis, there was no significant effect of age group or interaction including that factor. Note. loc, array location; diff, different; out, the out of door icon. a The probe is the same shape as the array item at its location but the colour is from an item elsewhere in the array of the other shape. 
Effects of attention condition

Overall analyses
In ANOVAs of the capacities, the index of capacity increase is a main effect of age group, and the index of an increase in the efficiency of attention is an attention condition · age group interaction. The results of such analyses (below) indicate that, although capacity increased markedly with age in childhood, attention was adult-like for arrays with 2 objects of the tested shape (Figure 4a ), but not completely so for arrays with 3 objects of the tested shape (Figure 4b ). Specifically, with only 2 items of the tested shape there was no significant interaction between attention condition and age group, F(8, 348) = .86, p = .55, g p 2 = .02. There was a large advantage of older children (M = 1.52) and adults (M = 1.61) over younger children (M = .90), pooled SEM = .06, F(2, 87) = 33.70, p < .001, indicating a working memory difference that did not depend on the attention condition. With 3 items of the tested shape, however, there was an interaction between attention condition and age group, F(8, 348) = 2.40, p < .05, g p 2 = .05. The advantage of older children and adults over younger children was large for strongly attended objects but shrank as the strength of attention to the objects decreased. This may suggest more efficient allocation of attention by adults. Another possibility is that there was a floor effect for divided-attention conditions in young children; however, below we will rule out that interpretation for a subset of the data. Overall, there was again a large advantage of older children (M = 1.60) and adults (M = 1.75) over younger children (M = .90), pooled SEM = .09, F(2, 87) = 26.78, p < .001. In a combined analysis, the difference between the pattern of results in these two array sizes produced a three-way interaction of array size, attention condition, and age group, F(8, 348) = 2.68, p < .01, g p 2 = .06. In short, participants in all age groups allocated their attention in accord with instructions, provided that the working memory load was small, in which case the results were analogous to the capacity-growth prediction as illustrated in Figure 1(b) . When the working memory load was larger, though, young children were less adept at controlling attention, and the results were analogous to the two-factor, capacity plus attentional control growth situation illustrated in Figure 1(c) . Similar results were obtained in an analysis in which the 1-shape trial blocks were excluded so that all probe types could be included.
Further analyses of the deployment of attention and capacity
A further test of the above conclusion is whether, in the 80%-20% trial blocks, participants of each age group retained objects corresponding to the expected (tested 80% of the time) shape in greater number than the other (20%-tested) shape. Post-hoc Newman-Keuls analyses indicated that this was the case for the older two age groups, for arrays with 2 objects and with 3 objects of the tested shape, p < .001 in each case. For the two array sizes, respectively, the older children filled 39% and 33% of their capacity with the less-often-tested shape, and adults similarly filled 39% and 37% of their capacity with the less-often-tested shape. In Grade 1-2 children, however, this effect was significant for arrays with 2 objects of the tested shape, p < .01, but not with 3 objects, p = .609. For these array sizes, respectively, these young children filled 36% versus 43% of their capacities with the less-often-tested shape. So, although young children's ability to attend to a 100% consistent cue extended to 3 objects of the tested shape, the ability to distribute attention unequally over two shapes with different test probabilities tended to break down for that set size.
It can be shown that young children's low capacity in comparison to adults was not the result of poor filtering, in any trial block. To demonstrate this, we compared k values on 80% trials in adults with the sum of k values on 80% and 20% trials in young children. This slants the comparison in favour of the young children by giving them credit for knowledge of items of either shape, whereas adults are given credit only for items that were of the shape to be attended most closely. In an ANOVA of these two age groups with the array set size as a within-participant factor, there was only a main effect of age group, F(1,58) = 5.39, p < .05, g p 2 = .09. The mean k value for adults on 80% trials only (M = 1.55) was larger than the young children's mean sum of k values on 80% plus 20% trials (M = 1.18), pooled SEM = .11. This result indicates that poor filtering on the part of young children cannot explain their lower storage capacity (although it could play some role). Two additional analyses were carried out to determine whether there was a storage cost of dividing attention between two shapes or filtering out one shape. In one analysis, the responses for 1-shape trials with 4 and 6 objects were compared with the 50%-50% trial blocks; the latter had the same number of objects in total, but divided between two shapes. Given that the k value in the latter case was calculated on the basis of the tested shape only, doubling this value yields an estimate of how many items were held in working memory in this condition, and the doubled values were used in the analysis. It included age group as a between-participant factor and two within-participant factors, trial block (1-shape or 50%-50%) and array set size (4 or 6 items in total). This analysis yielded no significant effects involving the trial block. Another analysis was conducted in which the k values for 80% and 20% trials were added together to yield the capacity on 80%-20% trial blocks, and that summed capacity was compared with the capacity in the 1-shape trial blocks. With the same factors as in the previous analysis, this analysis also yielded no significant effects involving the trial block. (For all such effects in both analyses, g p 2 £ .04.) These analyses thus yield no evidence for any age group that there was a storage cost of dividing attention or of filtering out one shape, which strengthens the inference that there were storage capacity differences across age groups.
Analysis by the type of probe
The distribution of responses across type of probe was similar for all attention conditions, as shown by the accuracy for all experimental conditions in Table 2 and, for illustrative purposes, by the detailed breakdown of responses for the 100% condition in Table 3 . These tables show that the largest age effects in the proportion correct occurred for location-change and no-change trials. Those trial types may be developmentally difficult because the probe items were not new objects, as in the remaining trial types; they required binding of objects to array locations (cf. Cowan, Naveh-Benjamin et al., 2006) .
The pattern of results just described held for trials with both 2 and 3 items in the tested shape, with slight differences between them. The pattern was confirmed in two analyses of the proportion correct that produced similar results. One analysis included all of the attention conditions but excluded trials in which the probe was in a colour that had occurred with an object of the other shape, inasmuch as these trials were not found in 1-shape trial blocks. The statistical results were similar in another analysis that included all types of probe but, to allow that inclusion, excluded the 1-shape trial blocks. This more informative analysis will be reported. It produced an interaction of probe type · age group, F(6, 261) = 7.94, p < .001, g p 2 = .15. There also was a three-way interaction of probe type · age group · array size, F(6, 261) = 2.68, p < .05, g p 2 = .06. In both array sizes, there was a large developmental difference in trials with location changes. For arrays with 2 items in the tested shape, the proportions correct for the three age groups, respectively, were .34, .66 and .71; for 3 items in the tested shape, the proportions were .23, .46 and .37. There also was a large developmental difference in trials with no change (2 items in the tested shape, .51, .76 and .77; 3 items, .36, .56 and .64). There was less developmental change for trials in which the probe was in a new colour (2 items in the tested shape, 76, .86 and .89; 3 items, .75, .78 and .78). Interestingly, performance showed relatively little developmental change when the probe was in a colour that had belonged to an object of the other shape (2 items in the tested shape, .63, .79 and .68; 3 items, .62, .69 and .68).
To explore this pattern further, separate analyses were carried out for each probe type. These yielded main effects of age group for location-change trials, no-change trials, and other shape's colour trials. There was no main effect of age group for the trials with a probe of a new colour. For those trials, however, there was a very informative interaction of the attention condition and the array set size. This analysis was re-run with all five attention conditions and was again significant, F(6, 261) = 4.43, p < .001, g p 2 = .09. As shown in Figure 5 , the children in Grades 1-2 showed a very different pattern of performance across attention conditions with the smaller versus larger arrays. For the smaller arrays (2 items of the tested shape), they filtered out the less-relevant items as well as older participants did. For the larger arrays (3 items of the tested shape), however, their response pattern was much flatter across attention conditions. This finding reinforces the premise advanced above, that young children's attentional filtering ability is impaired when the working memory load surpasses their capacity by a certain amount. A similar interaction of smaller magnitude was obtained in the analysis of locationchange trials, but not for the other probe types.
Discussion
The present study examines developmental changes in visual working memory in a task in which, in some trial blocks, objects of one shape are tested much more often than objects of another shape, making filtering of information necessary in order to allow good overall performance. Some related adult studies have advocated that such filtering is a major basis of observed individual differences in working memory capacity (e.g. McNab and Klingberg, 2008; Vogel et al., 2005) . These studies do not directly question the suggestion that each individual may have a fixed number of working memory slots that can be filled with objects, a suggestion that receives strong support from several recent adult studies (Awh, Barton & Vogel, 2007; Rouder et al., 2008; Zhang & Luck, 2008) . They do, however, question whether differences in the number of slots comprise an important source of individual differences in visual working memory, instead emphasizing filtering capability. In contrast, other studies have suggested that the number of slots could be at least as important as filtering for individual differences in working memory capacity (Cowan, Fristoe et al., 2006; Gold et al., 2006; Todd & Marois, 2005) . The present study brings this debate to the developmental arena. Younger children recalled considerably less than older children or adults (Figure 3) , but, for displays with only 4 objects in total, the age effect did not depend on the attention condition (Figure 4a ). For displays of 6 objects, the older children and adults were far superior to younger children during full attention but lost some, but not all, of that superiority for items that were not supposed to receive full attention (Figure 4b ). These results, taken together, suggest that the age difference in capacity is fundamental (cf. Cowan et al., 2005) and that the age difference in attentional filtering may be only a consequence of a memory load that is large compared to participants' working memory capacity. Given that, for small arrays, young children filtered out irrelevant items in a manner similar to adults (Figure 4a ), a basic ability of selective attention thus may be adult-like at an age considerably younger than was previously assumed (Plude, Enns & Brodeur, 1994; Rueda, Posner & Rothbart, 2005) .
Several auxiliary results further support the hypothesis that there is an age-group difference in storage capacity in addition to the age-group difference in filtering out irrelevant items when the working memory load is high relative to the capacity. First, although there was a dropoff from the peak capacity as the memory load increased beyond the peak in the 1-shape condition, and this dropoff might reflect a breakdown in the use of attention for encoding, the dropoff was no more severe in younger children than in older children or adults (Figure 3) . Second, filtering cannot explain the age difference in capacity, in that the capacity of adults for 80% trials was larger than that for young children in the sum of 80% and 20% trials. Third, an analysis of the trials in which the probe was a new colour resulted in a striking interaction, shown in Figure 5 , indicating distinct filtering in all age groups when there were 2 items of the tested shape, but only in the older two groups when there were 3 items of the tested shape.
Although it still could be argued that there was a greater cost of filtering for storage in the youngest group, this possibility is made improbable by the finding that there was no observable cost of filtering in either group. In particular, the k value for 1-shape trials was not significantly different from the k value for 80% plus 20%, or different from twice the 50% value.
Because working memory capacity was smaller for young children than for older participants, young children's working memory maintenance of objects from 6-object arrays would have diverted attention away from object selection more often than was the case for older participants. We think that the reason why a relatively large working memory load compromised young children's selective attention is that attention sometimes must be shared between selection and maintenance of objects in working memory. An attention cue to a location in an array differentially assists admission of the object at that location into working memory (Gold et al., 2006; Schmidt et al., 2002) , and attention also helps to keep selected representations active in working memory (Cowan & Morey, 2007; Lepsien & Nobre, 2007; Raye et al., 2007) . Given that it takes time to admit objects to working memory (Woodman & Vogel, 2005) , as they get admitted there is a decrease in the resources available to determine which additional objects to admit. The result is an increasing chance of admitting less-relevant objects at the expense of more-relevant ones (Makovski & Jiang, 2007) . The strain on selective attention with 6-object arrays would be most severe for participants with the lowest working memory capacity, the young children.
We do not know why working memory capacity increases markedly during the elementary school years. One possibility is that older participants have more attentional resources that can be devoted to maintenance of the visual array items. Clearly, attention does develop in the age range we are investigating (for a review see Rueda et al., 2005) . Although we cannot entirely rule out this sort of account on the basis of our data, we can place important constraints on it. The current theoretical accounts in which attentional resources are used to support capacity specifically emphasize the use of attention to filter out or inhibit irrelevant information, and individual differences in that function (e.g. Kane et al., 2007; McNab & Klingberg, 2008; Vogel et al., 2005) . However, any such superiority in attentional resources in the present study cannot explain the agegroup difference in capacity -at least not completely.
Given that the sum of k values for 80% and 20% trials in young children was smaller than the adults' k value for 80% trials alone, even perfect filtering would not have brought the young children up to the adult level of working memory storage.
There are several alternative conceptions of what could cause an increase in storage capacity across age groups. There could be a basic speedup in neural function with age (Kail & Ferrer, 2007) , affecting how many representations can be kept active in the brain concurrently (Lisman & Idiart, 1995; Tiitinen et al., 1993) , or there could be a more specific maturation of dedicated working memory storage mechanisms, such as those that have recently been identified in the inferior parietal cortex using functional magnetic resonance imaging (Todd & Marois, 2004; Xu & Chun, 2006) .
One clue to understanding age differences in capacity is that the trial types that produced the largest age differences were those in which the probe items were in fact in the array but not necessarily in the same location (i.e. the distinction between location-change and nochange trials). This requires object-location binding (cf. Cowan, Naveh-Benjamin et al., 2006) . Apparently, it is easier to bind the shape and colour features than it is to bind the colour and location features. Thus, there was only a small developmental difference on trials in which the probe colour belonged to an array object of the other shape, and therefore in which memory for the colourshape binding can contribute to knowledge of the colour-location binding (inasmuch as the probe never differed in shape from the array object in the same location). This finding reinforces other research suggesting that location cues play a special role in working memory encoding (Treisman & Zhang, 2006) .
Additional research is needed to confirm the basis of the effects that we have obtained. For example, the ability to filter out n unexpected (not-usually-tested) items was only tested in the presence of n expected (usually-tested) items. Our load interpretation leads to the general notion that it should be easier for children to filter out a certain number of unexpected items in the presence of 2 rather than 3 expected items, because the latter case involves a higher working memory load; however, we cannot verify that prediction, insofar as we did not independently vary the number of expected and unexpected items in the array.
Our finding of what appears to be a genuine age difference in storage capacity (e.g. Figure 4a ), and our finding that children carried out sophisticated control of attention when working memory demands were minimized can help to shape information-processingbased concepts of cognitive development. They tend to support theories in which age differences exist in both the storage and the processing functions of attention (e.g. Cowan, Fristoe et al., 2006; Gavens & Barrouillet, 2004; Pascual-Leone, 2005 ) as opposed to approaches in which the age differences are attributed largely or entirely to increases in processing efficiency (e.g. Case, Kurland & Goldberg, 1982; Kail & Ferrer, 2007) .
The present study leads towards a better understanding of the relation between working memory and attention, which could improve educational instruction and neuropsychological diagnoses and treatments. The results suggest that overloading children's working memory can lead to inefficient attention. This point seems consistent with the observation that it is low-span individuals who report mind-wandering when they are trying to concentrate (Kane et al., 2007) , and with the finding that young children in the classroom who are considered inattentive often are the same ones who cannot recall instructions (Gathercole, Lamont & Alloway, 2006) . Many of what have been termed attention deficits actually could reflect working memory deficits. It is therefore understandable that a recent, successful regimen for the treatment of attention deficit disorders in children has emphasized working memory training (Klingberg, 2006) . This treatment might be fine-tuned by emphasizing the first array size at which the child's selective attention falters. In general, children's attention to relevant information could be improved by minimizing irrelevant objects or information cluttering working memory.
